Several classes of neurotransmitters exert modulatory effects on a broad and diverse population of neurons throughout the brain. Some of these neuromodulators, especially acetylcholine and dopamine, have long been implicated in the neural control of selective attention. We review recent evidence and evolving ideas about the importance of these neuromodulatory systems in attention, particularly visual selective attention. We conclude that, although our understanding of their role in the neural circuitry of selective attention remains rudimentary, recent research has begun to suggest unique contributions of neuromodulators to different forms of attention, such as bottom-up and top-down attention.
Several classes of neurotransmitters exert modulatory effects on a broad and diverse population of neurons throughout the brain. Some of these neuromodulators, especially acetylcholine and dopamine, have long been implicated in the neural control of selective attention. We review recent evidence and evolving ideas about the importance of these neuromodulatory systems in attention, particularly visual selective attention. We conclude that, although our understanding of their role in the neural circuitry of selective attention remains rudimentary, recent research has begun to suggest unique contributions of neuromodulators to different forms of attention, such as bottom-up and top-down attention.
From correlates to causes
The majority of work on the neural mechanisms of selective attention, particularly visual selective attention (see Glossary), has focused on the changes in neural activity observed in epochs in which particular stimuli are either behaviorally relevant or irrelevant to a particular task at hand. Changes in neural activity, whether measured in the spiking activity of individual neurons (e.g., [1] ) or populations of neurons (e.g., [2] ), or in changes of blood-oxygenation-level-dependent (BOLD) responses in functional neuroimaging experiments (e.g., [3] ), have generally demonstrated that the magnitude and fidelity of stimulusrelated neural signals depend on the attentional focus (see [4] for a review). While the question of which component of neural signals (e.g. spike rate, synchronous activity) is the most informative about the underlying neural mechanism responsible for the perceptual benefits of attentional deployment remains unresolved (e.g., [2, [5] [6] [7] ), it is nonetheless clear that directing attention to a target stimulus involves alteration in the 'gain' of sensory representations that favor that target. Recently, there has been some progress in identifying the specific neural circuits causally involved in modulating the gain of sensory signals, particularly in the case of visuospatial attention (reviewed in [8] ). These studies have implicated brain structures with established involvement in oculomotor control, specifically the saccadic system, as having a causal role in controlling attention [9] [10] [11] [12] and generating correlates of attention within visual cortex [13] [14] [15] .
Largely separate from these studies are studies that have addressed the long-suspected role of particular neuromodulators in attentional control in a variety of species, including humans, in both normal and clinical subjects [16] [17] [18] . Neuromodulators are classes of neurotransmitters that influence synaptic transmission broadly within neural circuits. In this paper, we review some of the progress made in understanding the role that neuromodulators play in attention, particularly visual selective attention. We discuss how that role can be integrated with evolving views on the underlying neural circuitry of attention, and what future research might be needed to identify the specific roles of particular neuromodulators.We focus on two neuromodulators most often implicated in the control of attention, namely acetylcholine (Ach) and dopamine (DA). These neuromodulators have several characteristics in common: i) they are all released primarily by neurons within specific brainstem or midbrain nuclei [19] ; ii) these neuromodulating subcortical neurons project broadly to many subcortical and cortical structures. Projections to the cortex include both posterior sensory areas where correlates of selective attention are observed, as well as projections to the prefrontal cortex (PFC) where the control of selective attention is thought to originate; iii) each of the specific neuromodulatory nuclei also receives Review Glossary Acetylcholine (Ach): an ester of acetic acid and choline, Ach is used both in the peripheral and central nervous system, generally as a neurotransmitter in the former and a neuromodulator in the latter. Catecholamine: a tyrosine-derived amine that acts as a hormone or a neurotransmitter. Dopamine and norepinephrine are two catecholamines involved in inter-neuronal signaling in the central nervous system. Dopamine (DA): a catecholamine neurotransmitter and neuromodulator produced in several subcortical nuclei including the dopaminergic neurons in substantia nigra and ventral tegmental area. Norepinephrine/Noradrenaline (NE): a catecholamine neurotransmitter and neuromodulator produced in subcortical nuclei including the noradrenergic neurons in the locus coeruleus. Visual selective attention: the selective processing of some visual stimuli (targets) in favor of others (distracters), according to their component features, identity, location within visual space or physical salience. Covert attention: selective attention that does not involve an orienting movement (e.g. eye movement) toward the target of interest. Covert attention is distinguished from overt attention, which involves orienting movements. Top-down and bottom-up attention: two major forms of attention distinguished by their stimulus or goal-driven cues. Bottom-up attention (also referred to as 'exogenous' or 'stimulus-driven' attention) refers to attention that is directed to a target by virtue of the target's physical characteristics (e.g., high contrast). Top-down attention (also referred to as 'endogenous' or 'taskdriven' attention) refers to attention that is directed to a target by virtue of the target's relevance to a subject's goals. projections from areas within the PFC [20-22, but see 23] , suggesting a means by which PFC control can exert network-wide attentional effects.
Acetylcholine
In the past twenty years, a number of studies using human and animal subjects have yielded evidence of a role of Ach in attention [24, 25] . Alzheimer's disease in humans is associated with reduced cortical cholinergic innervation [26] and patients with dementia exhibit deficits in the orienting of attention [27] . Systemic increases in Ach activity can enhance visual selective attention in normal human subjects [24, 28] . Cholinergic receptors are generally broken into two classes: metabotropic muscarinic receptors (mAchRs) and ionotropic nicotinic receptors (nAchRs) [19] . Although much of the evidence for behavioral enhancement through cholinergic stimulation involves nAchRs (for instance, from smoking tobacco [29, 30] ), there is evidence for a role of both receptors in some aspects of attentional control. Studies in rodents suggest that the processing of sensory signals within posterior areas might be influenced by the interaction of PFC with ascending cholinergic projections [17] and this interaction appears to depend on nAchRs [31] . Within posterior areas, basal forebrain stimulation enhances sensory signals within somatosensory [32] , auditory [33] and visual cortex [34] , and in all cases the effects appear to involve mAChRs. However, Disney and colleagues [35] recently showed that within primary visual cortex (V1) it is nAchRs that are involved in gain control. Within V1, nAchRs are localized presynaptically at geniculocortical inputs to layer IVc neurons, where they enhance responsiveness and contrast sensitivity of thalamorecipient neurons.
Studies in nonhuman primates have established that the deployment of covert attention to visual stimuli leads to corresponding changes in the visual responses of neurons throughout the visual system [4] . Thiele and colleagues [36] recently tested the role of Ach in this modulation. They recorded visual responses of V1 neurons in monkeys performing a covert attention task. Consistent with previous results (e.g., [37] ), they found an increase in V1 responses when monkeys attend to receptive field (RF) stimuli compared to when they attend to non-RF stimuli ( Figure 1a ). Iontophoretic application of acetylcholine augmented the attentional modulation of V1 responses. Furthermore, application of scopolamine, a mAchR antagonist, reduced the attentional modulation, while application of the nAchR antagonist, mecamylamine, had no effect. These results demonstrate a robust interaction of attentional deployment and mAchR activity on the representation of stimuli within visual cortex.
Studies employing behavioral paradigms that manipulate bottom-up attentional orienting, for example by using spatial cues [38] , have generally found that lesions of the basal cholinergic nuclei impair such orienting [39] , while increased cholinergic activity (e.g., via nicotine) increases orienting [30, 40] . Moreover, both systemic administration of the muscarinic antagonist scopolamine [41] and its local injection into posterior parietal cortex slows bottom-up orienting of attention in nonhuman primates [42] , which suggests a role of Ach in the mechanism of bottom-up attention. In contrast to top-down attention, whereby selection among different sensory stimuli depends solely on the relevance of those stimuli to behavioral goals, bottom-up driven selection is based solely on the (physical) salience of stimuli. As with topdown attention, bottom-up salience enhances the responses of neurons within visual cortex [43] [44] [45] . Yet it remains unclear how Ach contributes to these effects. In a recent study employing an owl model, it was found that neurons in a cholinergic nucleus exhibit response characteristics consistent with a potential role in the selection of visual objects based on salience [46] . Neurons within the nucleus isthmi pars parvocellularis (IPC) of owls transmit cholinergic inputs to the tectum and respond to both auditory and visual stimuli. Interestingly, the visual responses of these neurons depend heavily on whether the stimulus in their RF is more salient than stimuli outside of their RF: the magnitude of their responses decreases sharply at the boundary where the relative salience of the RF stimulus falls below that of a stimulus outside of the RF (Figure 1b) . Similar effects are observed within the owl optic tectum [47] , which is reciprocally connected with IPC in a precisely topographic manner. These results suggest that salience-driven selection may originate in part from cholinergic inputs, or at least it involves those inputs. Positive indices indicate greater responses when attention is directed toward the stimulus within the neuron's RF compared to when attention is elsewhere. Indices measured during control trials (red) and during iontophoretic application of acetylcholine (black) are shown. Adapted from [36] . (b) Cholinergic neurons in the owl's IPC nucleus signal the physical salience of stimuli by a characteristic switchresponse. The exemplar neuron responds almost invariantly to RF stimuli across a range of stimulus intensities as long as the stimulus is more physically salient than the other stimulus on the screen (distracter). When the RF stimulus is less salient, the neuron responds at a uniformly low rate. Salience is manipulated by varying the speed at which a given stimulus looms (target salience in this example is set at 7 degrees/second). IPC neurons were recorded in owls during passive viewing. Adapted from [46] .
Review
Dopamine Dopamine (DA) receptors are generally divided into two classes, D1 and D2 [46] . The D1 family includes D1 and D5 receptors, whereas D2, D3, and D4 receptors make up the D2 family [48, 49] . Compared to other subtypes, D1 receptors (D1Rs) are more abundant in prefrontal cortex, which suggests a more prominent role in regulating the cognitive functions of the PFC [50] [51] [52] [53] [54] [55] . Within the PFC, D1Rs exhibit a bilaminar pattern of expression, while D2Rs are less abundant and appear to be expressed primarily within infragranular layers [50, 55] . The effect of DA on the activity of PFC neurons is rather complex. However, evidence from a variety of experimental approaches suggests that when acting via D1Rs, the effects of dopamine have two general properties. First, DA can alter the strength and reliability (efficacy) of converging excitatory (glutamatergic) synapses [49] . Second, DA's modulatory influence can exhibit an inverted-U shaped property wherein 'optimal' DA levels lead to peak effects on synaptic efficacy, with reduced effects at higher or lower levels [49, 56] .
In spite of much evidence of a role of PFC DA in attention and strong evidence that attentional control is achieved in part by PFC modulation of signals within sensory cortices [57] , these two lines of evidence remain largely separate. However, recent work suggests that PFC control of signals within visual cortex may rely on PFC D1Rs [58] . Noudoost and Moore [58] addressed the impact of manipulating D1R-mediated activity within the frontal eye field (FEF) on saccadic target selection and on visual responses of extrastriate area V4 neurons (Figure 2A) . The FEF appears to be the part of the PFC from which modulation of visual cortical signals originates during spatially directed attention [7, 13] . Thus, if DA plays a role in visuospatial attention then changes in dopaminergic activity within the FEF should alter signals within visual cortex. Manipulation of D1R-mediated FEF activity was achieved via volume injections [59] of a D1 antagonist (SCH23390) into sites within the FEF where neurons represented the same part of visual space as simultaneously recorded area V4 neurons. Following the D1R manipulation, visual targets presented within the affected part of space were more likely to be chosen by the monkey as targets for saccades than during control trials. Thus, the manipulation increased saccadic target selection ( Figure 2B ). In addition, the responses of area V4 neurons with RFs within the part of space affected by the D1R manipulation were measured and an enhancement in the gain of visual signals during passive fixation was observed ( Figure 2C ). The responses of V4 neurons were altered in three important ways. First, there was an enhancement in the magnitude of responses to visual stimulation. Second, the visual responses became more selective to stimulus orientation. Third, the visual responses became less variable across trials. Importantly, all three changes in V4 visual activity have also been observed in monkeys trained to covertly attend to RF stimuli [60] [61] [62] . Thus, manipulation of D1R-mediated FEF activity increased not only saccadic target selection but also the magnitude, selectivity and reliability of V4 visual responses within the corresponding part of space. The manipulation effectively elicited correlates of covert attention within extrastriate cortex in the absence of a behavioral task. Interestingly, injection of a D2 agonist into FEF sites resulted in equivalent target selection effects as the D1 antagonist. However, only the latter produced attention-like effects within area V4. Thus, in addition to being dissociable at the level of functional subclasses of FEF neurons [63] , the control of attention and target selection appear to be dissociable at the level of dopamine receptors. The effect of manipulating D1R-mediated FEF activity on responses of V4 neurons shows that changes in FEF neuronal activity are sufficient to exert a long-range influence on representations within visual cortex, an influence suggested, but not demonstrated, by previous studies [7, 13] . In addition, the above effects show that dopamine, acting via D1Rs, is involved in the FEF's influence on visual cortical signals as well as its influence on saccadic preparation. As there is a wealth of evidence implicating D1Rs in the neural mechanisms of spatial working memory, specifically in regulating the persistent activity of neurons within dorsolateral prefrontal cortex (dlPFC) [56, 64] , the above results suggest that D1Rs are part of a common mechanism underlying spatial attention and spatial working memory [58] . Like dlPFC neurons, FEF neurons also exhibit persistent, delay-period activity, even in tasks not involving saccades [65] . It has been suggested that persistent activity within the PFC is generated by recurrent glutamatergic connections between prefrontal pyramidal neurons [66] . Dopaminergic modulation of persistent activity within the PFC appears to be achieved by the influence of D1Rs on these recurrent connections [67] . The above results suggest a model in which D1Rs contribute to signatures of attention within visual cortex by a mechanism similar to their influence on persistent activity, namely by modulating long-range, recurrent connections between the FEF and visual cortex (Figure 3) . Consistent with this idea is the finding that FEF neurons exhibiting persistent activity tend to show greater attentional modulation than those without [65] . In this model, attention (and/or saccadic preparation) is directed toward particular locations according to the pattern of activity across the map of visual space within the FEF, similar to what has been proposed for the lateral intraparietal area (LIP) [12] . Cortical columns with greater activity would correspond to locations of greater attentional deployment (and/or saccadic preparation) and consequently higher 'gain' of visual cortical signals for stimuli in that location compared to other stimuli. A possible role of dopamine would be to Figure 3 . Possible influence of D1Rs on recurrent networks within the PFC (specifically FEF) and between the PFC and V4. The diagram depicts two adjacent FEF or V4 columns representing different, but adjacent, locations in saccadic or visual space, respectively. The columns are assumed to interact competitively (black inhibitory neurons). Positive arrows between FEF neurons within the same column depict the recurrent excitatory connections thought to underlie the persistence of spatial signals during remembered saccades or locations. Recurrence between the FEF and V4 is proposed to underlie the influence of FEF on the gain of visual inputs within V4. Dopaminergic input from the ventral tegmental area (VTA, input at right) to the PFC may modulate recurrence both within the FEF and between FEF and V4 through D1Rs and to influence competition between spatial representations. For example, increases in recurrence in a particular column while remembering or attending to a corresponding location (thicker arrows at left) can be modulated by the level of dopamine. Biases in competitive interactions between columns within visual cortex can also be achieved by experimental manipulation of D1R-mediated FEF activity, as the results of [58] suggest. Also shown are the projections from infragranular FEF neurons to the superior colliculus (SC). Other anatomical details are omitted for simplicity. Red circles represent D1Rs and blue circles D2Rs. Note the localization of D2Rs primarily in infragranular, SC-projecting layers [50, 55] which is consistent with the observation that changes in D2R-mediated FEF activity only affects target selection, and not visual cortical activity [58] . The inset at the upper right depicts the involvement of DA inputs in 'synaptic triads', in which those inputs coincide with glutamatergic (AA) ones [52] . control the extent of the FEF gain modulation, effectively setting its dynamic range. Thus, optimum DA levels would translate into larger differences between attended and unattended stimuli while suboptimal DA would mean small differences and perhaps a less stable attentional focus. At least superficially, such a role of DA in attentional deployment would be consistent with the perceptual deficits of ADHD patients [68] , who generally exhibit abnormal PFC DA [69] . Future studies will need to focus on the specific neural circuitry underlying the role of DA in the PFC's control of visual cortical signals. Details such as which functional classes of FEF neurons project to extrastriate areas or which classes express D1Rs are particularly critical to uncover. Equally important is the question of how dopamine's apparent role in visual attention relates to its wellestablished role in reward signaling [70] . Several recent studies have noted the inherent difficulty in dissociating the neural mechanisms of reward and attention [71, 72] , given that effects of both on sensory responses can be, and perhaps should be, of a similar nature. Thus, future studies might also look for concomitant effects of changing tonic and phasic endogenous dopamine on sensory representations and reward value. Lastly, we note that the parallel role of dopamine in reward signaling would seem consistent with a contribution of dopamine specifically to topdown, rather than bottom-up, attention. Reward value is after all determined more by task-relevance and endogenous factors than by the salience of a particular stimulus.
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Concluding remarks
Evidence thus far has provided solid evidence of an involvement of the cholinergic and dopaminergic systems in selective attention. In comparison, there is considerably less evidence for a contribution of other neuromodulators, such as serotonin or norepinephrine (NE) (see Box 1). However, establishing a role for neuromodulators in attention is one thing, whereas understanding those roles is entirely another. The fact that both Ach and DA seem to play a role in selective attention prompts the question of how these two systems might, or might not, uniquely contribute to attentional control. As it is known that different neuromodulatory systems interact with one another [73] [74] [75] , including within PFC [76] , the contributions of Ach and DA could be highly complex. However, as suggested above, one possibility is that they contribute differently to different forms of attention. Evidence to date suggests, for example, that Ach may serve a more unique role in bottom-up attention than it does in top-down attention, whereas the reverse may be true for DA. Studies of the neural correlates of attention have thus far yielded evidence of dissociable underlying neural circuits of these two varieties of attention (e.g. [77] ), and it may turn out that the modulatory effects within those circuits differentially depend on DA and Ach. Future experiments might seek to test this possibility by manipulating cholinergic or dopaminergic signals during bottom-up and top-down attention tasks in the same animals, perhaps while also measuring neural correlates of either form of attention within sensory areas. For example, one might hypothesize that inactivation of the VTA might dramatically reduce visual search performance for 'conjunction' targets, but not for 'popout' targets [45] , with correlative effects exhibited by parietal and prefrontal neurons [77] . In addition, there could be similar dissociations to be found between spatial and feature/object-based attention, cross-modal attention, and other varieties [8] . We suggest that testing such dissociations in future studies might be among the most important steps in understanding how neuromodulators contribute to attentional control. We stress, however, that these future studies will need to involve more rigorous behavioral and psychophysical measures than has been typical of past studies. Indeed, in many animal studies to date, how attention is specifically involved in the behavioral tasks employed is somewhat ambiguous. Thus, one major goal of precisely defining the contribution of neuromodulators to attentional control should be to establish behavioral paradigms in model organisms that clearly isolate the particular varieties of attention observable in human subjects or impaired in neurologic patients. One might argue that understanding the specific role of neuromodulators in attention will require leveraging the greater genetic and neurophysiological tractability of some model systems with the more rigorous behavioral and psychophysical paradigms of other systems (see also Box 2).
Box 1. Norepinephrine: attention or arousal?
In contrast to the more extensive range of studies on the roles of Ach and DA in selective attention, less is understood about the role of NE. NE has classically been associated with mediating behavioral arousal rather than selective attention [78] . Similar to neurons within cholinergic nuclei [46] , noradrenergic neurons within the locus coeruleus (LC) respond selectively to salient sensory stimuli [79, 80] . Also consistent with a role in arousal is the observation that stimulation of the LC can modulate sensory responses in awake animals [81] . However, other studies indicate that LC activity does not simply reflect stimulus-driven salience, but depends heavily on the task relevance of stimuli. For example, LC neurons respond with robust phasic burst to the presentation of learned targets, but only weakly when non-targets are presented [82] . Thus, noradrenergic modulation may contribute to more than just mediating the influence of arousal state on sensory responses. For example, it has been suggested that NE serves to optimize performance through phasic activation of LC neurons [83] . This view may be consistent with the known benefits of noradrenergic drugs in attention-deficit hyperactivity disorder (ADHD) [84] and the finding that blockade of a2A NE receptors impairs response inhibition performance and increases hyperactivity in monkeys [85, 86] . 
